). This peroxidase was shown to oxidize 3,4-dihydroxyphenylalanine, 2,4-dichlorophenol, homoprotocatechuic acid, caffeic acid, and N,N,N',N'-tetramethylphenylenediamine and was found in higher than normal levels in strains enhanced for lignocellulose degradation. In the present study, we used a pure extracellular enzyme preparation with high peroxidase isoform P3 activity to oxidize lignin substructure model compounds of both the 1,2-diaryl propane and arylglycerol-13-aryl ether types and containing C -carbonyl and C.-hydroxyl groups. The reactions were monitored by gas chromatography-mass spectrometry and high-pressure liquid chromatography techniques. In the presence, but not the absence, of hydrogen peroxide, the enzyme preparation catalyzed Ca,-C, bond cleavage in the side chains of the diaryl ethers 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (I) and 1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propan-1-one (II) and the diaryl ethane 1-(4-methoxyphenyl)-2-(phenyl)ethan-1-one (III Lignin is a complex polymer consisting of phenylpropane units interconnected by a variety of carbon-carbon bonds and ether linkages (1). In nature, lignin physically encrusts cellulose and is resistant to degradation by most microorganisms (21). Streptomyces viridosporus T7A (ATCC 39115) depolymerizes lignin while degrading cellulose (6) and produces a modified water-soluble, acid-precipitable polymeric lignin (APPL) as a major lignin degradation product (7). A similar degradative mechanism has been reported in another actinomycete, Thermomonospora mesophila (26). Along with APPL, the release of several single-ring aromatic phenols occurs during lignocellulose degradation by Streptomyces species (7).
preparation catalyzed Ca,-C, bond cleavage in the side chains of the diaryl ethers 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (I) and 1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propan-1-one (II) and the diaryl ethane 1-(4-methoxyphenyl)-2-(phenyl)ethan-1-one (III) . Rapid hydrogen peroxide consumption was observed when the enzyme preparation was added to either milled corn lignin or lignocellulose. Additional characterizations showed that this enzyme is a heme protein (Soret band, 408 nm) and a major component of the ligninolytic system of S. viridosporus T7A. This is the first report of a lignin peroxidase in a bacterium. We have designated this new lignin peroxidase as ALiP-P3.
Lignin is a complex polymer consisting of phenylpropane units interconnected by a variety of carbon-carbon bonds and ether linkages (1) . In nature, lignin physically encrusts cellulose and is resistant to degradation by most microorganisms (21) . Streptomyces viridosporus T7A (ATCC 39115) depolymerizes lignin while degrading cellulose (6) and produces a modified water-soluble, acid-precipitable polymeric lignin (APPL) as a major lignin degradation product (7) . A similar degradative mechanism has been reported in another actinomycete, Thermomonospora mesophila (26) . Along with APPL, the release of several single-ring aromatic phenols occurs during lignocellulose degradation by Streptomyces species (7) .
In the white rot fungus Phanerochaete chrysosporium, the enzymology of lignin degradation is partially understood (21, 27, 36) ; extracellular lignin peroxidases are thought to catalyze the initial catabolism of lignin (21, 22, 27, 28, (36) (37) (38) . In a previous publication (32), we proposed the involvement of an extracellular, lignin-inducible peroxidase in lignocellulose degradation by Streptomyces spp. The peroxidase catalyzes hydrogen peroxide-dependent oxidation of various phenolic compounds and is found in higher than normal levels in strains enhanced for lignin degradation. The finding that APPL-overproducing strains also overproduce peroxidase (32) is indirect evidence implying that peroxidase plays a role in lignin biodegradation.
Various lignin substructure model compounds have been used successfully to elucidate fungal lignin peroxidase reaction mechanisms (4, 21) . Lignin substructures of the 1,2-diaryl propane (P3-1) and arylglycerol-pi-aryl ether (,-0-4) types together represent nearly 60% of intermonomeric linkages in a typical softwood lignin (10) . Cleavage of C,,-C3 * Corresponding author. t Paper 8855 of the Idaho Agricultural Experiment Station. side chain bonds in lignin may be the most important reaction involved in its initial degradation (4) . For catalyzing such a reaction, lignin peroxidase of P. chrysosporium requires the presence of a C0,-hydroxyl group (4, 14, 22, 34, 38) . Chemical characterizations of lignin-derived aromatic degradation products of Streptomyces spp. have suggested that catabolism of lignin by the actinomycete involves substantial initial cleavages of the lignin C0,-C, and 0-0-4 ether linkages, concomitant with other lignin oxidation reactions (8) . This results in an increase in the C.-carbonyl content in partially degraded lignins (25) . Reduction of the C L-carbonyls of model dimers by S. viridosporus has also been reported (35) . In a mixed ligninolytic bacterial population, CO, oxidation before C',,-C 3 cleavage was reported (15) . The ability of bacteria to degrade lignin model compounds, natural and synthetic lignins, and chemically depolymerized lignins has been established (2, 11, 15, 18, 19, 27, 35 (31) plus 0.5% larchwood xylan (Sigma Chemical Co., St. Louis, Mo.) (YMX) and grown for 3 days at 37°C with shaking at 125 rpm.
Enzyme purification. After 3 days of growth, culture supernatant solutions were harvested by filtration through glass wool. Proteins in the filtrate were concentrated 10-fold by ultrafiltration and then precipitated with ammonium sulfate (70% saturation). The precipitate was then suspended in 30 ml of 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.5). This preparation was loaded onto a Sepharose CL-6B-200 (Pharmacia Inc., Piscataway, N.J.) gel filtration column (bed volume, 150 cm3) and chromatographed at a flow rate of 0.25 ml/min with MES buffer as the eluent. After chromatography, the fractions exhibiting peroxidase activity were pooled and concentrated again by ultrafiltration.
Enzyme assay. Peroxidase activity was routinely assayed with 2,4-dichlorophenol (2,4-DCP) (Sigma) as the substrate (17) . A final volume of 1.0 ml of the reaction mixture contained 100 mM sodium succinate buffer (pH 5.5), 82 mM 4-aminoantipyrine (Sigma), 1.0 mM 2,4-DCP, 4.0 mM hydrogen peroxide, and 100 p.l of the enzyme preparation. The reaction was initiated by addition of hydrogen peroxide, and the increase in A510 was monitored for 1 min at 37°C. One unit of enzyme activity was expressed as the amount of enzyme required for an increase in absorbance of 1.0 U/min. Peroxidase activity was also assayed with L-3,4-dihydroxyphenylalanine (L-DOPA; Sigma) (32) and veratryl alcohol (20) as substrates.
Catalase activity was assayed (9) by measuring oxygen production at 37°C with an oxygen electrode upon addition of 10 p.l of 10 mM hydrogen peroxide to 1.0 ml of a reaction mixture containing 100 ,ul of the enzyme and 100 mM sodium succinate buffer (pH 5.5).
PAGE and peroxidase staining on gels. Proteins in the enzyme preparation were analyzed by nondenaturing, discontinuous polyacrylamide gel electrophoresis (PAGE) and sodium dodecyl sulfate (SDS)-PAGE on vertical slab gels (7.5% polyacrylamide) (16, 32) . After electrophoresis, protein bands were visualized by silver staining (16) . Peroxidase bands on nondenaturing PAGE gels were developed by activity staining with L-DOPA, 2,4-DCP, caffeic acid, homoprotocatechuic acid, and N,N,N',N'-tetramethylphenylenediamine (all from Sigma) as substrates (32) .
HPLC of proteins. Proteins in the purified and crude enzyme preparations were analyzed on a Hewlett-Packard 1090A high-pressure liquid chromatograph (HPLC) equipped with an HP-1040A diode array detector using a pharmacia fast-protein liquid chromatography Mono Q anion-exchange column (20) . The mobile phase consisted of a gradient of 10 mM to 1 M sodium acetate, pH 6.0, over a period of 40 min at a flow rate of 1 ml/min. The peaks were monitored at 280 and 409 nm, and the absorbance spectrum (250 to 600 nm) of each peak was recorded.
Lignin substructure model compounds. 1-(3,4-Dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol (I) was prepared by sodium borohydride reduction of 1-(3,4-dimethoxyphenyl) -3 -hydroxy -2 -(2 -methoxyphenoxy)propan -1-one, which was synthesized as described by Landucci et al. (23 
RESULTS
After growth of S. viridosporus for 3 days in YMX medium, extracellular peroxidase-specific activity of about 0.30 U/mg of protein was typically observed in unconcentrated culture filtrates. This was much higher than maximum peroxidase activities in the same medium with larchwood xylan (0.15 U/mg of protein after 4 days) in medium supplemented with 0.5% corn stover lignocellulose (0.24 U/mg of protein after 3 days) or in medium with oat spelt xylan (0.14 U/mg of protein after 3 days). PAGE, followed by activity staining for peroxidase, revealed a higher level of peroxidase isoform P3 (Fig. 1) in media with xylan than in media with lignocellulose. Hence, YMX was used as the medium of choice for large-scale production of peroxidase. Figure 1 shows the presence of four peroxidase isoforms from crude, concentrated supernatant fluids when PAGE gels were stained for peroxidase activity with L-DOPA. None of the bands were seen when staining was performed with reaction mixtures containing no hydrogen peroxide. Among the four isoforms, only isoform P3 was also active against 2,4-DCP, homoprotocatechuic acid, caffeic acid, and N,N,N',N'-tetramethylphenylenediamine. PAGE gel activity staining with L-DOPA as the substrate also showed only P3 in the purified enzyme preparation, as opposed to all four in the original culture fluid.
Purification of peroxidase. A 1,000-ml volume of a 3-day YMX-grown culture supernatant fluid was concentrated 10-fold by ultrafiltration and then subjected to ammonium sulfate precipitation (70% saturation). The precipitate was redissolved in 30 ml of 20 mM MES buffer (pH 6.0). This concentrated preparation was applied to a Sepharose CL-6B-200 gel filtration column (bed volume, 150 cm3). Proteins were eluted from the column with 20 mM MES buffer (pH 6.0). The elution profile of the peroxidase from the gel filtration column is shown in Fig. 2 . Only the major protein peak exhibited peroxidase activity. Fractions containing the major peak were pooled and concentrated again by ultrafiltration.
By following this purification procedure, an enzyme preparation with a 36-fold increase in specific activity was obtained. The specific activities in the enzyme preparation, Samples (100 ,u1 each) from each fraction were added to 900 p.1 of the assay mixture (see Materials and Methods) and incubated for 10 min at 37°C, and the A510 was recorded.
as determined by spectrophotometric assays with 2,4-DCP and L-DOPA as substrates, are presented in Table 1 . Without hydrogen peroxide in the reaction mixtures, the specific peroxidase activities in the enzyme preparations were negligible (0.005 and 0.000 U/mg of protein with 2,4-DCP and L-DOPA, respectively). Both 2,4-DCP and L-DOPA oxidizing activities were inhibited with known peroxidase inhibitors, such as potassium cyanide and sodium azide (Table 1) . Similar inhibition of activity was noticed during activity staining of PAGE gels. The purified enzyme preparation exhibited a positive but relatively low specific activity of 0.03 U (micromoles of veratraldehyde formed per minute)/ mg of protein with veratryl alcohol. The enzyme preparation did not catalyze production of oxygen from hydrogen peroxide in catalase assays. In contrast, the crude concentrated culture supernatants exhibited low levels of catalase activity. Silver staining of SDS-PAGE gels revealed that the purified peroxidase preparation contained one protein band with one very low-molecular-weight polypeptide impurity (Fig. 3) . The polypeptide traveled with the dye front. A molecular weight of 17,800 was estimated for the enzyme by SDS-PAGE.
HPLC analysis of proteins. The absorption spectrum of the single, pure peroxidase eluted from the column was recorded with the diode array detector. The absorption spectrum of this active enzyme exhibited two distinct peaks at 280 and 408 nm (Fig. 4) .
Model compound oxidation. Figure 5 shows the lignin substructure model compounds which were oxidized by peroxidase and the products that were formed. Only vera- (Table 3) . Hydrogen peroxide was rapidly utilized when lignocellulose was present in the reaction mixture. Hydrogen peroxide consumption was also higher in the presence of MCL and cellulose than in the absence of a substrate and was at very low levels in control mixtures containing substrates but lacking an enzyme.
DISCUSSION
The culture conditions used in this study are different from those we used in our previous reports (29, 32) . Addition of larchwood xylan to yeast extract-mineral salts medium enhanced extracellular 2,4-DCP peroxidase activity. Use of such a non-lignin inducer enabled us to obtain a culture supernatant that did not contain APPL and other watersoluble, partially degraded lignin polymers. These polymers interfere with enzyme assays and complicate purification. Interestingly, when xylan from oat spelt (Sigma) was used, there was no increase in specific activity. This indicates that the actual lignin peroxidase inducer is an impurity (aromatic?) present in larchwood xylan. In another ligninolytic actinomycete, S. cyaneus, such an induction of an extracellular protein(s) responsible for the degradation of lignocellulose was noticed in the presence of ball-milled straw (24) .
In our previous report (32) , L-DOPA was used to measure peroxidase activity. L-DOPA was readily oxidized by all four peroxidase isoforms. In the present study 2,4-DCP was used in developing a modified peroxidase assay which was highly sensitive (Table 1) and specific for peroxidase isoform P3. The assay with 2,4-DCP can be used to detect activity in unconcentrated culture supernatant solutions and fractions from chromatography columns (Fig. 2) . Therefore, it is preferred over the veratryl alcohol oxidation assay because of its sensitivity. The reagents for this assay also can be stored for a longer period of time than L-DOIPA solutiotis. Among four peroxidase isoforms produced by S. viridosporus ( Fig. 1 (24) . The enzymatic properties of that protein have not been reported in detail. Such relatively low molecular weights were estimated by SDS-PAGE for other peroxidases (3) .
Peroxidase P3 was inhibited by known heme protein inhibitors ( Table 1 ). The absorption spectrum of the enzyme showed distinct peaks at 280 and 408 nm (Fig. 4) , which are also characteristic of heme proteins (33, 36) . The absorption spectrum is remarkably similar to that of a peroxidase purified from Escherichia coli (5). These observations strongly suggest that this lignin peroxidase is a heme protein.
The proposed pathways for degradation of model compounds used in this study are shown in Fig. 5 . The P-0-4 model compound (I) was cleaved at a C,-C3 bond in a manner similar to that seen with the lignin peroxidase of P. chrysosporium (22, 33, 34, 38 tration of hydrogen peroxide. However, addition of hydrogen peroxide, once to initiate the reaction and once more halfway through the reaction, resulted in similar activity.
Rapid consumption of hydrogen peroxide in the presence of the enzyme and lignocellulose indicates that the peroxidase oxidizes lignocellulose to a greater extent than MCL and cellulose. The relatively low amount of hydrogen peroxide consumption without a substrate could be attributed to hydrogen peroxide-dependent conversion of the enzyme to a higher oxidation state (36) . Since the pure enzyme showed no catalase activity in a specific catalase assay, hydrogen peroxide consumption by catalase rather than peroxidase was ruled out. In addition, an active enzyme plus a lignin substrate led to significant hydrogen peroxide uptake, while none of the substrates consumed comparable levels of hydrogen peroxide in the absence of an enzyme.
In Streptomyces and other genera of actinomycetes, lignin degradation occurs during primary growth and is presumed to be the result of primary metabolic activity (25) . High concentrations of both organic and inorganic nitrogen do not inhibit lignin degradation (25) . Peroxidase production by S. viridosporus is also growth associated, is not inhibited by high nitrogen levels, and is subject to glucose catabolite repression (unpublished data). This is in contrast to the ligninolytic system in P. chrysosporium, in which both lignin degradation and lignin peroxidase production are secondary metabolic events which follow nitrogen or other nutrient depletion (12) . Although a hydrogen peroxide-generating aromatic aldehyde oxidase activity has been reported in S. viridosporus (9), the results of Ruttimann et al. (35) may be attributable to the absence of an efficient hydrogen peroxide-generating system or suboptimal conditions for peroxidase production.
We propose that this new lignin-oxidizing enzyme of S. viridosporus T7A be designated as actinomycete lignin peroxidase P3 (ALiP-P3).
